(E) The differences in the curvature were the entities to be discriminated in the 2-AFC paradigm. (F) Active shape discrimination. The subjects were instructed to discriminate the oblongness of the parallelepipeds and, by a two alternative forced choice procedure, chose the most oblong of a pair.
shape (Roland et al., 1998). It is implicit in this hypothesis
mined by dipping the stimulus in stamp ink and making an imprint of the skin surface in contact with the stimuthat the areas 3b, 1, 2, IPA, and eventually further remote somatosensory areas necessary for the shape computalus, was the largest in the active condition (38 Ϯ 8.5 cm 2 ), in which the subjects manipulated the objects, and tion are interconnected and are arranged in a hierarchy.
This postulated arrangement has an analogy in the limited to the distal phalanx of the index finger in the edge, curvature and roughness discriminations (2.5 Ϯ overall organization of computation of shape in the visual system (Ungerleider and Mishkin, 1982 
, respectively. putation of cerebral representations is sometimes referred to as hierarchical processing (Felleman and van

Cytoarchitectonic Mapping
On the basis of the cytoarchitectural population maps, Essen, 1991; Young, 1992), a principle of organization which is thought to apply also for the somatosensory we parcellated the somatosensory areas on the hemisphere convexity into cytoarchitectural areas 3a, 3b, 1, modality (Iwamura, 1998) .
In the present study, we examine three independent and 2. The population maps (Roland and Zilles, 1998) describe for each voxel the number of brains that have a groups of a total of 20 healthy volunteers, with PET measurements of the rCBF as an indicator of synaptic representation of one particular cytoarchitectonic area. The individual variations in the location and extent of each activity during various types of somatosensory stimulation of skin mechanoreceptors. One group discriminated cytoarchitectural area led to voxels representing more than one area. In these cases, the voxel was allocated to the shapes (oblongness) of ellipsoids and the velocities of a brush rotating on the volar surface of the index, the area to which most of the brains represented in the voxel belonged (see Experimental Procedures). The remiddle, and ring fingers without moving their hand (Figures 1A and 1B) . The second group discriminated sult is the probability map of cytoarchitectural areas shown in Figure 2 . spheres for their curvatures, parallelepipeda for their edge lengths, and microgeometric stimuli for their roughness, using their tip of the index finger (Figures PET Increases in rCBF during Shape Discrimination 1C-1E). The third group explored rectangular parallelepipeda actively with their right hand and discriminated Table 1 and Figure 3 show the regions of the brain activated by active tactile exploration of the rectangular their oblongness ( Figure 1F) . We relate the changes in rCBF to probability maps of primary somatosensory cyparallelepipeda (i.e., active shape discrimination) and the regions activated when the subjects, without moving toarchitectural areas 3a, 3b, 1, and 2 (Figure 2 ) obtained from postmortem brains and transformed into the same their hands, were stimulated with the ellipsoids and discriminated these (i.e., passive shape discrimination). anatomical format as the rCBF images.
One can see that there is a remarkable concordance in the regions activated. This is evident from the Boolean Results intersection: (active shape discrimination versus rest) ʝ (passive shape discrimination versus rest) ( Figure 3 ) and Psychophysics There were no statistical differences in the probability when the amount of overlap was calculated (Table 1) . We tested whether there were any statistically significant of correct answers (passive shape, 0.74 Ϯ 0.06; brush velocity, 0.68 Ϯ 0.06; edge, 0.78 Ϯ 0.11; curvature, differences between discrimination of rectangular parallelepipeda by active movements and discrimination of 0.78 Ϯ 0.11; roughness, 0.77 Ϯ 0.12; active shape, 0.77 Ϯ 0.11; visual matching, 0.73 Ϯ 0.15; all mean Ϯ ellipsoids by a passive hand, using a random effects model (SPM-99). Surprisingly, the only difference was standard deviation). The skin surface stimulated, deter-rach coordinates 14 Ϫ52 Ϫ20). Several nonsomatosensory regions were also consistently activated by shape discrimination, active as well as passive (Table 1) , but, as will be apparent in the following, these regions are unlikely to be engaged in the computation of somatosensory representations of shape.
Regions Specifically Activated by Shape Discrimination
The two conditions, passive shape discrimination and brush velocity discrimination, were matched for skin area stimulated and performance. Contrasting the passive shape condition with the brush velocity condition would reveal neuron populations having a preference for shape over brush velocity. Three fields in the left hemisphere appeared as significantly more activated in the passive shape condition. The subjects were stimulated during the edge, curvature, and roughness discriminations on the distal phalanx of the index finger. The subjects in the active shape discrimination mainly had the fingertips and middle phalanges in contact with the object. The subjects in the passive shape and velocity discriminations were stimulated on the proximal phalanges of the index, middle, and ring fingers and the adjacent palmar surface ( Figure  1 ). Based on two earlier studies of lesions in Talairach space (Talairach et al., 1967) , which interfered with somatosensory perception from stimulating the tip of the index finger and hand Roland and Mortensen, 1987 ), we delimited a common space for the index finger and hand between the horizontal planes z ϭ 34 and z ϭ 54. In order to substantiate the hypothesis of regions specifically activated by shape discrimination and a probable hierarchical processing of shape information, one would have to show that early somatosensory area(s) like area 3b would be activated by discrimination of all types of somatosensory mechanoreceptive stimuli with no statistical differences, whereas shape, curvature, and edge length discrimination activated later areas, such as area 2, more than did discrimination of roughness and brush velocity, and that late areas, such as IPA and ASM, would activate by shape discrimination and not by discrimination of curvature, edge length, 1 were activated by discrimination of all types of mechanical stimulation and discrimination: active shape, passive shape, brush velocity, curvature, edge, and that active shape discrimination activated the right anteroughness when contrasted against the rest (Table 2 ). rior lobe of cerebellum parasagittaly more than did the passive shape discrimination (p Ͻ 0.05 corrected; TalaiWithin group comparisons, i.e., shape versus velocity and edge, curvature and roughness contrasted against mation (Roland and Mortensen, 1987) . Thus, the computation of the representation for object shape should be each other produced no significant differences.
Area 2 was also activated by all types of mechanical different from that of object edge, corner, and curvature computation. stimulation and discrimination. However, the passive shape discrimination activated area 2 more than did
The IPA was not activated by discrimination of edge, curvature, roughness, or brush velocity. However, when discrimination of brush velocity. The condition called passive shape discrimination consists of two different active and passive shape discrimination was contrasted against rest, the IPA was significantly activated (p Ͻ subconditions: the subjects discriminated either ellipsoids with a broad curvature spectrum or ellipsoids with 0.001) ( Table 2) . Similarly, the ASM was not activated by discrimination of edge, curvature, roughness, or brush a narrow curvature spectrum. In an earlier report (Bodegå rd et al., 2000a), we found a region lining the postcenvelocity, but significantly activated in the active and passive shape discrimination conditions when contral sulcus which was more activated by discrimination of oblong than by round ellipsoids. When this contrast trasted to rest (p Ͻ 0.001) ( Table 2) . was made and mapped against the cytoarchitecturally defined areas, we found that the space appearing as Discussion statistically more significant in discrimination of oblong ellipsoids than by round ellipsoids was all part of area Discrimination of mechanical stimuli to the glabrous skin of the right hand gave rise to active fields located in the 2 ( Figure 5) . Also, the same space was activated during simple curvature discrimination (p Ͻ 0.001).
cytoarchitecturally defined somatosensory areas 3b, 1, and 2. Areas 3b and 1 were activated by discrimination The information about the object surfaces was sampled by either moving the fingers over the object surface of shape, object curvature, edges, brush velocity, and roughness with no statistical differences. Area 2 was (active shape discrimination) or by moving the objects over the skin surface (passive shape discrimination). In also active in discrimination of all types of mechanical stimuli, but significantly more by shape and surface curneither of these procedures was the entire surface of the object covered by the object-skin contact in a single vature changes than by roughness, brush velocity, and edge length discrimination. One field lining the intrasampling. The stimulus situation is similar in curvature, roughness, and edge discrimination. However, in conparietal sulcus (IPA) and one located in the anterior portion of supramarginal gyrus (ASM) were consistently trast to curvature, edge, and roughness discriminations, the full surface of the ellipsoids and rectangular parallelactivated when volunteers discriminated the shapes of objects. Discrimination of edge length, curvature, epipeda is eventually covered by subsequent objectskin contacts when the subjects discriminated shapes roughness, and velocity showed no increased rCBF in these fields. These findings are in accordance with a actively and passively. This suggests that the somatosensory cortex should compute a representation of the hierarchical organization of shape processing in somatosensory areas. Areas 3b and 1 were active for all shape of an object from this sequentially sampled infor- Position of the field lining the intraparietal sulcus (IPA) (yellow) and of the rectangular parallelepipeda (i.e., active shape discrimination) the field in the anterior part of the supramarginal gyrus (ASM) (pink) versus rest (yellow). Regions activated when the subjects, without significantly more activated by the condition passive shape when moving their hands, were stimulated with the ellipsoids and discrimicontrasted to brush velocity in relation to the mean MRI of the brush/ nated these (i.e., passive shape discrimination) versus rest (blue).
shape group. Coronal section: y ϭ Ϫ43. types of mechanical stimuli that we used. Area 2 enferences in activations relied exclusively on within group comparisons. Hence, somatotopical differences are not gaged preferentially in processing of surface curvature changes and shape stimuli. IPA and ASM were specifirelevant for the present analysis of the cytoarchitecturally defined areas 3a, 3b, 1, and 2. cally active during shape discrimination and candidates for shape representation (Figure 6 ).
The combination of functional imaging and postmortem techniques for statistical parcellation of cortical arThe activated fields and activated subcortical neuronal populations engaged in the active and passive eas in the human brain is a novel approach. The combined use of these two techniques provides us with an discrimination of shapes were similar. This was evident from the Boolean intersection (Figure 3 ) of the two indeobserver-independent possibility to localize activations to cortical areas. However, some caution needs to be pendent statistical images of the respective activations. Apart from the common activation of somatosensory exercised when interpreting the results. The cytoarchitectural areas are probability maps. This means that, in areas 3a, 3b, 1, 2, IPA, and ASM and the motor areas, the right (ipsilateral) cerebellar cortex was also activated a statistical sense, the volumes of interest (VOIs) used do not contain one area only. For example, the VOI in the posterior and anterior lobules (Table 1 ). In addition, the right midpart of the cortex lining the intraparietal called area 3b consists also, to some extent, of the neighboring areas 3a and 1. Still, the probability is higher sulcus was activated. The activations of all these areas are in accordance with earlier published activations in that the voxels in the "area 3b VOI" belongs to area 3b than to any other area. Also, averaging methods used active discrimination of object shapes ( 2). We find, therefore, the allocation errors in the VOIs unlikely to account to a major degree. However, the the passive condition has a parallel in the increased neuronal activity of monkeys categorizing tactile stimuli interpretation of the results from the VOI analysis should be done on the basis of the above information, and the (Romo et al., 1997; Salinas and Romo, 1998).
The skin area stimulated in the group passively discrimiobtained results should be used as "strong indications." nating shape and brush velocity did not differ, thus there is no reason to assume that any difference in somatotopical Hierarchical Organization of Shape Perception The first question is: which areas process shape inforlocalization could have affected the result in the contrast between these two conditions. Similarly, there were no mation when subjects attend to shape? The second question is: do any of the regions that process shape differences in the skin area stimulated in the curvature, edge, and roughness discrimination. Our analysis of difhave a preference for shape stimuli and other macrogeo-metric stimuli over other mechanical stimuli to the skin? Active and passive discrimination of shape consistently activated a number of cerebellar areas, motor areas, the cortex lining, and the middle part of the right intraparietal sulcus, in addition to the somatosensory areas (Table 1) When passive shape discrimination was contrasted The main point is that shape information is sampled sequentially and piecemeal, which makes necessary an to velocity discrimination, IPA and ASM were more activated by passive shape discrimination. These areas, extra computation step to create a full representation of the object. Theoretically, it can be argued that such thus, may be preferentially activated by discrimination of shape information as opposed to discrimination of full representations are necessary to perform the correct discriminations (Roland and Mortensen, 1987 ). The pasfast transient stimuli. The IPA neurons preferred shape stimuli to roughness and fast transient brush stimuli in sive shape stimulation can only inefficiently mimic the natural sampling. Notwithstanding, the shape informaaccordance with previous findings that the IPA field is significantly more activated by the active discrimination tion in both active and passive shape discrimination is 
Subjects and Materials
The study was approved by the radiation safety and ethics committees of the Karolinska Institute and Hospital. All subjects gave inEdge/Curve/Rough Group The second group of seven healthy male volunteers aged 26-35 formed written consent in accordance with the Helsinki Declaration. None of the 20 volunteers had any signs or history of symptoms (mean 28) years engaged in three different conditions. In the first task, the length discrimination task, parallelepipeds were applied, requiring neurological, psychological, or medical hospitalization, and all had normal MRI scans of the skull and brain. All were rightwith the edge of the long side pressed against the distal phalanx of the right index finger ( Figure 1C ). The edge length ranged from handed according to a Swedish version of the Oldfield questionnaire (Oldfield, 1971) .
22.4 to 44.3 mm. In the second task, the roughness discrimination task, the stimuli were 50 mm long cylinders of polyoxymethylene Three independent groups of subjects participated in the study. , 1987) . Each roughness stimulus extent of each cytoarchitectural area led to voxels representing more than one area. In these cases, the voxel was allocated to the was rubbed three times against the tip of the index finger ( Figure  1D ). In the third task, the curvature discrimination task, one set of cytoarchitectural area to which most of the brains represented in the voxel belonged. The result was a probability map of the cytotwelve spheres was used, with the curvature of the spheres ranging from 0.46 to 1.0 cm Ϫ1 (Roland and Mortensen, 1987) . The experiarchitectural areas. In the case that a cytoarchitectural area did not abut another area on one side (as area 2), a 30% threshold was menter stimulated the volar surface of the distal phalanx of the right index finger so that the sphere rolled on the demarcated skin area used to delimit the unabuted part (i.e., 30% of all brains had area 2 represented at this border). (Figure 1E ). The volunteers did not move their fingers in any of the three conditions. The volunteers were instructed to compare The question of whether or not a cytoarchitectural area was activated was determined by using the probability maps in a VOI analydifferences in edge length, roughness, and curvature within a pair and respond verbally, saying "one" or "two," depending on whether sis. The mean rCBF corresponding to the space in each cytoarchitectural area was calculated for each condition. For each group, the first or the second stimulus had the longer edge length, rougher surface, or the smaller curvature. In addition, the group had a fourth these data were fitted to a linear model together with subjects and conditions as factors and global CBF as covariate. The discriminarest condition during which they received no stimulation (Roland and Larsen, 1976) . Each volunteer repeated each condition three tion conditions in each group were subsequently contrasted against the rest and the other discrimination conditions within the group. times.
In addition, the cytoarchitectonic areas and significant clusters from the contrasts were tested for the volume of overlap in mm 3 in an Act/shape Group intersection analysis. The third group of seven, healthy male volunteers aged 25-34 (mean The statistical significance of the changes in rCBF within the brain 28 years) discriminated the oblongness of a set of rectangular paralwas determined by fitting the data to a general linear model for lelepipeds ( Figure 1F ). The objects were made of pure hard alumibrush/shape group and act/shape group (Ledberg, 2000) . discrimination. By calculating the intersections of the statistical Differences in the length of the parallelepipeda within a pair were cluster images, the statistically significant changes in rCBF were the parameter to be discriminated. The subjects extended their right subsequently examined for constancy among these two groups thumb if the second object was the most oblong. The subjects were having only the statistically significant clusters and zero elsewhere. free to choose their strategy of exploration, but with their right hand only. The condition was repeated five to six times in each volunteer.
